The c-myc oncogene plays a key role in cellular growth control, and translation initiation factors are among the transcriptional targets of Myc. Here, we describe a defect in translation initiation control in myc-null cells due to alterations in the mammalian target of rapamycin (mTOR) pathway. Myc loss increased sensitivity to dominant inhibition of eukaryotic translation initiation factor 4E function. Polysomal profiles of myc À/À cells revealed decreased translation initiation rates, which were accompanied by decreased 40S/ 60S ribosomal subunit ratios. Because the 40S small ribosomal subunit contains the key regulatory ribosomal protein S6 (rpS6), we considered that myc loss might affect expression of components of the mTOR signaling pathway that regulate rpS6 function. Among mTOR signaling components, Myc directly affected transcription of tuberous sclerosis 2 (TSC2), as shown by quantitative mRNA analysis and by Myc binding to its promoter in chromatin immunoprecipitation assays. Importantly, Myc acted as a strong and direct repressor for TSC2 expression because its loss increased TSC2 mRNA in myc-null and in HL60 shRNA experiments, activation of a mycER construct in myc À/À cells suppressed TSC2 induction in a myc box II-dependent manner, and mycER activation recruited Myc to the TSC2 promoter. The biological significance of the effect of Myc on TSC2 expression was shown by markedly reduced TSC2 mRNA levels in myc-transformed cells, stimulation of S6 kinase activity in myc-null cells by TSC2 siRNA, and decreased Myc-induced soft agar colony formation following retroviral transduction of TSC2. Together, these findings show that regulation of TSC2 can contribute to the effects of Myc on cell proliferation and neoplastic growth.
Introduction
DNA synthesis is initiated and a cell divides only after it grows beyond a minimum size threshold (1) . Dysregulation of the growth apparatus is therefore a key step in the development of malignancy (2) . Growth and cell division are coordinated by the mRNA translation apparatus through translation initiation control, and the translation initiation step is a key rate-limiting step in cell proliferation (3) . Initiation requires assembly of the eukaryotic initiation factor eukaryotic translation initiation factor 4E (eIF4E) and the mRNA cap binding apparatus at the 7-methyl-guanosine cap structure. The target of rapamycin (TOR) signaling pathway regulates translation initiation through S6 kinase (S6K) phosphorylation of ribosomal protein S6 (rpS6) and through eIF4E activation (4) . We previously showed transcriptional control of eIF4E expression by c-myc (5) . In this report, we further evaluate the effects of Myc loss on translation initiation control via the mammalian TOR (mTOR) pathway.
Myc is an immediate-early gene involved in the growth response to mitogenic stimulation that is crucial for both G 0 -G 1 and G 1 -S cell cycle transitions (6) ; Myc is frequently overexpressed in human cancers (7) . Known targets of growth regulation by myc include RNA polymerases I and III, ribosomal proteins, and eIF4E (8) . Somatic knockout Myc-null cells suffer from a growth defect (9) , although the contribution of translation initiation control to this defect has not been directly evaluated.
A broad range of signaling pathways regulate translation initiation (10) . Of these pathways, TOR signaling has received increasing attention because rapamycin is an emerging cancer therapeutic (11) . Rapamycin is an immunosuppressant with potent antiproliferative and antineoplastic effects, which inhibits mTOR/raptor/mLST8 (mTOR complex 1) activation (12) . Rapamycin blocks cell growth and proliferation through inhibition of mTOR-mediated rpS6 phosphorylation (13) . Its potential therapeutic use has been shown in myc-induced cancers in which eIF4E expression levels were critical to the effects of rapamycin (14) . Tuberous sclerosis genes TSC1 and TSC2 are key components of the TOR signaling pathway (15) . The TSC2 gene product (tuberin) is a GTPase-activating protein, which functions with TSC1 (hamartin) to negatively regulate cell growth via mTOR (16) . Loss of TSC function specifically activates mTOR complex activation (15) . mTOR activity then regulates the S6K that phosphorylates ribosomal protein S6 (rpS6; ref. 17) .
Both the Drosophila myc (dMyc) and tuberous sclerosis genes control cell size (18) . Interestingly, dMyc overexpression blocks Drosophila eye size reduction resulting from dTSC1/2 overexpression. In mammalian cells, c-Myc also restores normal proliferation rates to cells overexpressing tuberin (19) . A relevant connection between Myc and TSC2 is further supported by evidence of TSC2 down-regulation in Burkitt's lymphoma cells (20) . Whereas these data suggest functional antagonism between c-Myc and TSC2, they identify no direct molecular regulatory connection between the two gene products. Interestingly, TSC2 also regulates the G 1 -S transition, and antisense inhibition blocks entry into a quiescent (G 0 ) state (21) . Thus, both c-Myc and TSC2 have emerged as key nodal points in the regulation of translation, protein synthesis, and growth control, and both have significant roles in differentiation and carcinogenesis.
In this report, we investigated the growth defect in myc-null cells, starting with the hypothesis that these cells might be more sensitive to blockade of the mTOR pathway than their wild-type counterparts. Because myc-null cells proved to be sensitive to a dominant inhibitor of translation initiation, we analyzed translation initiation control using polysomal analysis. We find that c-myc directly regulates the TSC2 gene and that loss of negative TSC2 regulation by c-myc contributes to defective rpS6 activation and translation initiation in myc-null cells.
Materials and Methods
Plasmids and retroviral production. Packaged retroviruses expressing HA-TSC2, c-myc, or empty pBABE-Puro controls were made with the EcoPac retroviral packaging vector; 293T cells were cotransfected with pBABE-HA-TSC2 (gift of Dr. James Brugarolas), pBABE-c-myc (gift of Dr. William Hahn), or empty pBABE vector using standard calcium phosphate techniques. Our vectors containing no insert (Vec), eIF4E (eIF4E), wild-type 4E binding protein (4EBP), or a 4EBP mutant whose serine phosphorylation targets of the mTOR pathway were all mutated to alanines (4EBPA) were described previously (22) . Mission retroviral constructs expressing shRNAs for c-myc and a scrambled control sequence in the plasmid pLKO were purchased from Sigma Aldrich (NM_002467) and retroviruses were generated according to the accompanying instructions.
Cell (23) . Rat1A cells that can be directly transformed by Myc were previously described (22) . Myc +/+ and myc À/À cells were transfected using Lipofectin reagents (Life Technologies, Inc.) with control vector (Vec), eIF4E, wild-type 4EBP, or a 4EBP mutant (4EBPA), and pooled transfectants were selected with G418. Max transfections were accomplished by transfecting pREP4 or pREP4-max together with pCEP4 or pCEP-eIF4E. Colonies selected in the presence of 500 Ag/mL Geneticin and 200 Ag/mL hygromycin were stained and photographed to assess the combined effects of constructs on cell survival. Individual colonies were initially isolated with trypsin-impregnated cloning filters. Because all colonies expressed the transfected proteins due to the double selection, pooled transfectants were used. All cells were grown in DMEM supplemented with 10% fetal bovine serum (FBS). The myc À/À (HO15) cells were infected with either pBABE-Puro or pBABE-Myc to evaluate the myc specificity of the myc À/À cell translation initiation defect. To evaluate potential interactions between TSC2 and myc in transformation, we also infected Rat1A cells with the following combinations of virus vectors: pBABE-TSC2/pBABE-Myc, pBABE-Myc/ pBABE, pBABE-TSC2/pBABE, or pBABE-Puro/pBABE-Puro. In both sets of infections, subconfluent cells were infected sequentially for 2 days with polybrene (4 Ag/mL) and 50% viral supernatants of pBABE, pBABEMyc, pBABE-TSC2, or their combinations, followed by puromycin selection (8 Ag/mL). Additional Rat1A Myc and max transfectants were previously reported (24) . HL60 cells were obtained from Dr. David Sweetser (MGH Cancer Center, Boston, MA) and grown in RPMI medium supplemented with 10% FBS. They were induced to differentiate with 20 nmol/L phorbol 12-myristate 13-acetate (PMA).
Polysomal profile analysis. One 100-mm-diameter plate containing the indicated cell types was harvested for each polysomal analysis. Confluent cells were harvested and lysed in 300 AL of RSB [10 mmol/L NaCl, 10 mmol/L Tris-HCl (pH 7.4), 15 mmol/L MgCl 2 ] containing 100 Ag/mL heparin, 1.2% Triton X-100, and 0.12% deoxycholate (25) . Nuclei were pelleted for 3 min in a microcentrifuge at 4jC. The 300-AL extract was layered over 11.5 mL of a 15% to 45% (wt/wt) sucrose gradient with a 0.5-mL cushion of 45% sucrose. The gradients were centrifuged at 37,000 rpm for 2.5 h in an SW 41 (Beckman) rotor at 4jC. After centrifugation, the A 260 was continuously monitored and recorded across the gradient using a Foxy Jr. Density Gradient fractionation system and UA-6 UV/VIS Detector (ISCO, Inc.).
Protein and mRNA expression analysis. For Western blot analyses, whole-cell extracts of cells were prepared with NP40 lysis buffer [50 mmol/L Tris (pH 7.5), 150 mmol/L NaCl, 50 mmol/L NaF, 1 mmol/L EDTA, 0.5% NP40, 50 mmol/L h-glycerophoshate, 1 mmol/L sodium orthovanadate, 1.25 Ag/mL pepstatin] supplemented with 1 tablet of complete miniprotease inhibitor cocktail per 10 mL of buffer. Eighty micrograms of protein sample were subjected to SDS-PAGE in 7% to 12% gels depending on the molecular weight of the protein studied. After blotting, nitrocellulose membranes were hybridized with the indicated antibodies and detected by enhanced chemiluminescence (Amersham).
Steady-state mRNA levels were determined by quantitative real-time PCR with primers that spanned introns to avoid possible detection of contaminating genomic sequences. For serum induction experiments, mRNA was harvested 9 h after serum stimulation. Equal amounts (0.5-1.0 Ag) of cellular RNA were subjected to reverse transcriptase reactions using the Superscript III First-Strand Synthesis system for real-time PCR and oligo-dT primers (Invitrogen, Inc.). Standardized quantities of gene-specific PCR products were generated from cDNAs derived from total rat cellular mRNA using Platinum Taq DNA polymerase (Invitrogen) and the same gene-specific primers as used in the quantitative real-time PCR. Molecular sizes of PCR products were verified. Equivalent amounts of the sample cDNAs or standardized quantities of the gene-specific PCR products were added to reactions containing iQ SYBR Green Supermix (Bio-Rad) and the respective gene-specific primers. The amount of starting material in each reaction was quantified in a Bio-Rad MYiQ Single Color Real-time PCR Detection System. Quantitative h-actin PCR reactions were done on additional aliquots as an internal standard. All mRNA quantifications were expressed as mRNA quantities normalized to h-actin levels. Primer sets are listed in Supplementary Table S1 . Standard Northern blots were used to show decreased expression of c-myc in differentiated HL60 cells.
Promoter sequence analysis. Reference cDNA sequences for human, rat, and mouse mTOR pathway gene products were identified using the National Center for Biotechnology Information (NCBI) sequence database. 3 Genomic promoter sequences and transcription initiation sites were identified using the Database of Human Transcription Start sites (26) , the Advanced Biomedical Computing Center promoter analysis software, 4 and the 5 ¶ end of the reference sequences. Five thousand nucleotides of sequence upstream and downstream of the transcription initiation sites were downloaded and manipulated using Clone Manager Suite (Scientific and Educational Software). Myc target sites that were conserved between the three species were identified in the aligned regions using rVISTA (27) . The conserved Myc sites are listed in Supplementary Table S2 , together with their position in the rat promoter relative to the transcription start site.
Chromatin immunoprecipitation assays. We evaluated Myc promoter binding using the wild-type and myc-null cells, together with myc À/À mycER tmx cells, during logarithmic growth before and after 3-h induction with 200 nmol/L 4-hydroxy-tamoxifen. Our chromatin immunoprecipitation approach was previously described (24) and is further described in Supplementary methods. Chromatin immunoprecipitation assay promoter primers were chosen to flank candidate CACGTG sites identified in the IRS1, TSC1, TSC2, GhL, and rpS6 promoters (Supplementary Table S1 ). eIF4E promoter binding was compared as a positive control (24) . S6K promoter primers were chosen to flank its transcription initiation site because its promoter lacked myc target sequences.
TSC2 and c-myc siRNA experiments. For TSC2 siRNA experiments, proliferating myc À/À cells were transfected with 10 or 50 nmol/L small interfering RNA (siRNA) for rat TSC2 (siGENOME SMARTpool, Dharmacon). These transfectants were then compared with cells transfected with a nontargeting firefly luciferase siRNA duplex (Dharmacon; nontargeting siRNA #2 sense, 5 ¶-UAAGGCUAUGAAGAGAUACUU-3 ¶; nontargeting siRNA #2 antisense, 5 ¶-PGUAUCUCUUCAUAGCCUUAUU-3 ¶). Transfections were accomplished using Oligofectamine (Invitrogen) according to the manufacturer's instructions. Whole-cell extracts of transfected myc À/À cells were prepared after 72 h and analyzed for tuberin, phospho-S6, and phospho-S6K.
For the c-myc shRNA experiment in HL60 cells, c-myc shRNAs and control retroviruses were used to transfect HL60 cells according to the infection protocol described above. They were grown in RPMI in the presence of 8 Ag/mL puromycin to select for successful transfectants of the shRNAs. After 10 days of selection, 3 Â 10 4 cells were spun, lysed in SDS-PAGE gel loading buffer, and analyzed in an immunoblot for tuberin, Myc, and actin proteins.
Soft agar transformation assays. Rat1A soft agar transformation was assessed as described previously (22) . After expansion, trypsinized pBABE-TSC2/pBABE-Myc, pBABE-Myc/pBABE, pBABE-TSC2/pBABE, or pBABEPuro Rat1A cells were seeded in soft agar at 20,000 per well in six-well plates. Colony numbers were scored after 14 days.
Results
Myc-null cells are defective in translation initiation. To better understand the molecular basis for growth regulation by c-myc, we evaluated translation initiation capacity in myc À/À cells (HO15) that were created by somatic inactivation in a diploid rat cell line (TGR; ref. 9). We evaluated the contribution of translation initiation control to cell survival using a 4EBP mutant lacking four TOR-regulated target sites. We previously developed a constitutively active form of the 4EBP by mutating its four serine phosphorylation target sites to alanines (4EBPA; ref. 22 ) to render it resistant to inactivation by mTOR. We transfected wild-type and myc-null cells with 4EBPA and compared its effects with those of a control vector, eIF4E, and a nonmutated 4EBP in clonal survival assays (Fig. 1A) . No myc-null colonies appeared at any time after transfection with the 4EBPA. Although myc wild-type colony formation seemed to be somewhat affected by 4EBPA, proliferation rates in the resulting pooled 4EBP and 4EBPA transfectants are actually somewhat decreased as previously reported (22) . In addition, myc-null colonies readily appeared in transfections with the control, eIF4E, and 4EBP expression vectors, indicating that the 4EBPA effect was specific for both its activating mutation and the myc-null phenotype.
Max-transfected cells proliferate slowly because excess max promotes homodimerization that blocks myc:max heterodimer formation (28) . To determine whether translation initiation regulation could be downstream of a myc:max regulated pathway, we cotransfected translation initiation factor eIF4E with max to determine whether enhancement of translation initiation could overcome the inhibitory effects of max transfection on clonal À/À cells do not tolerate expression of an activated 4EBP mutant that constitutively blocks translation initiation. Myc +/+ and myc À/À cells were transfected with the indicated constructs expressing a control vector (Vec), eIF4E (eIF4E ), wild-type 4EBP (4EBP ), or a 4EBP mutant of which the serine phosphorylation targets of the mTOR pathway were all mutated to alanines (4EBPl ). All vectors expressed a colinear neomycin selection marker. Plates were each seeded with 10,000 cells and maintained in G418 selection. Shown are the crystal violet-stained dishes after 2 wk of colony growth. B, eIF4E enhanced colony formation when cotransfected with max. Rat1A cells were transfected with a control plasmid (Control ) or a plasmid expressing max (Max ) in the absence or presence of a vector expressing eIF4E (control or eIF4E ). Transfections were done as in A except that dual hygromycin and G418 selection were applied. After 3 wk, colonies were stained with methylene blue. Western blots were done to evaluate expression of the transfected plasmids in pooled transfectants containing dual control vectors, max alone, eIF4E alone, or the combination of eIF4E and max. Shown are standards evaluated using the indicated antibodies. C, polysomal profile analysis of c-myc-null versus wild-type cells. Cells were grown in 100-mm plates and arrested by confluence followed by serum starvation for 48 h. Cells were >90% viable with this treatment as assessed by trypan blue exclusion. Cytoplasmic RNA was harvested and the lysates were centrifuged in sucrose gradients at 37,000 rpm to establish polysomal gradients. The gradients were harvested and A 260 was continuously monitored to evaluate the distribution of monosomal versus polysomal fractions. Shown are the profiles for arrested myc wild-type (black ) and null (gray ) cells showing a decreased polysomal fraction in myc-null cells. The region containing polysomes is indicated and the 40S, 60S, and 80S peaks are labeled. D, c-myc-null cells exhibit a diminished 40S/60S ratio in the monosomal fractions. Total absorbance in the 40S and 60S fractions were calculated by summing the area under each peak. Left, ratios of the 40S/60S peak fractions were determined for four separate experiments for each cell type (columns, mean; bars, SD). Myc-null cells also have less RNA in the polysomal fractions. Right, columns, mean total absorbance in the polysomal fractions calculated for four separate experiments for each cell type; bars, SD.
survival (Fig. 1B) . As expected, max inhibited colony formation in max-transfected Rat1A cells (Fig. 1B) . In contrast, colony numbers and morphology were not altered when max and eIF4E were cotransfected. We tested pooled transfectants for expression of the transfected proteins and found that the max construct is profoundly inhibitory for Rat1A cells because no max protein could be detected in the rare colonies that survived max transfection (Fig. 1B, lane 3) . Importantly, excess max could be expressed when cotransfected with eIF4E (lane 4). eIF4E potentially corrects a growth defect caused by max because cells expressing both eIF4E and max survive.
Translation initiation steps include (a) eIF4 complex binding to the 7-methyl-guanosine cap; (b) unwinding of the 5 ¶ end of mRNA; (c) positioning of the methionyl-initiator tRNA; and (d) assembly of the 40S and 60S ribosomal subunits. Once the initiation complex is assembled, ribosomes process along the mRNA at a fixed rate exceeding the initiation rate. Because more ribosomes are found on actively translating mRNAs, the accumulation of ribosomes into polysomal fractions is the best measure of translation initiation rates. We therefore compared polysomal profiles of myc +/+ and myc À/À cells to evaluate the effect of myc loss on translation initiation (Fig. 1C) . Two changes are apparent in myc À/À polysomal profiles during growth arrest. First, the 40S peak is smaller than the 60S peak in myc-null cells, and second, less RNA is contained in polysomal regions larger than the 80S monosomes in myc À/À cells (Fig. 1C) . This difference between the 40S and 60S peaks was confirmed by averaging four repetitions of the profiles (Fig. 1D,  left) . The difference in polysomal RNA content was also confirmed by four repetitions (Fig. 1D, right) . Serum stimulation restores the 40S peak in myc-null cells to higher levels than the 60S peak, but the polysomal region remains depressed in serum-stimulated myc-null cells (Fig. 2A) . To determine whether these effects were specific to the loss of cmyc in the null cells, we reintroduced c-myc into myc-null cells using the retroviral pBABE-myc construct. We compared polysomal profiles between empty vector-infected cells (pBABE) and those transduced with pBABE-myc ( Fig. 2B and C) . In growth-arrested cells, the 40S/60S ratio remained decreased in the myc-null cells transduced with pBABE, whereas the 40S peak became larger than the 60S peak in the myc-transduced cells (Fig. 2B) . Reintroduction of myc also led to a net increase in the entire polysomal region of the transduced cells. Serum stimulation again reversed the 40S/60S ratio in the vector-transduced myc-null cells after serum stimulation (Fig. 2C) .
Myc regulates mTOR pathway signaling components through myc box II-dependent repression of TSC2 and regulation of rpS6 phosphorylation. We evaluated expression levels of the proteins involved in the canonical mTOR signaling pathway to test the possibility that myc regulation of rpS6 function might contribute to its control of translation initiation. We focused on proteins whose expression was related to myc status both during growth arrest and after serum stimulation because the translation initiation defect was observed in both circumstances. Immunoblot analysis was done on extracts of arrested cells and after stimulation for 20 h with 10% FBS. Western blots for the major proteins in the canonical mTOR pathway identified potential myc inputs into the pathway (Fig. 3A) . First, TSC2 and IRS1 protein levels were higher in myc-null cells than in wild-types. These differences were seen in both arrested and stimulated cells for both gene products. Second, Myc expression in wild-type cells supported higher levels of GhL, S6K, and rpS6, compared with their lower levels in null cells. These effects were amplified downstream in the pathway as shown by large increases in rpS6 phosphorylation in wild-type cells. Serum stimulation increased phosphorylation of S6K and rpS6 to higher levels in serum-stimulated wild-type cells compared with myc-null cells, suggesting that effects upstream of TOR were likely to be particularly significant. We also observed upregulation of S6K and rpS6 during serum stimulation, an effect that was greatly diminished in myc-null cells. Because this degree of inducibility of rpS6 and S6K was unexpected, we repeated the evaluations of the differentially regulated proteins using a shorter time course of serum induction (Fig. 3B) . Serum-induced increases in S6K and rpS6 were reproduced at each of the shorter time points, and the differential expression of the protein targets . B and C, reintroduction of myc using retroviral transduction shows that the myc-null cell translation initiation defect is myc specific. B, myc-null cells transduced with an empty vector control virus (pBABE ) or pBABE-myc (pMyc ) were arrested and polysomal analysis was done as described in Fig. 1C . Plots in gray are myc À/À transfected with pBABE-Puro (pBABE ) and plots in black are from myc À/À transfected with pBABE-myc. C, polysomal profiles were evaluated as in B , except that they were stimulated with 10% serum for 9 h before harvesting. Plots in gray are myc À/À transfected with pBABE-Puro and plots in black are from myc À/À transfected with pBABE-myc. 2) and null (lanes 3 and 4 ) cells were grown as described in Materials and Methods. Immunoblot analysis was done on extracts of arrested cells (A ) and after stimulation for 20 h with 10% (S ). Eighty micrograms of whole-cell protein extracts from each sample were separated by SDS-PAGE and transferred electrophoretically onto nitrocellulose membranes. The membranes were probed with the indicated antibodies. Antibodies to phosphorylated forms of the proteins are labeled as a-P. The indicated molecular weights were identified with protein molecular weight size markers in each gel. TSC2 and IRS1 protein levels were higher in myc-null cells than in wild types in arrested and stimulated cells. Myc expression in wild-type cells supported higher levels of GhL, S6K, and rpS6, compared with their lower levels in null cells in arrested and stimulated cells. Rheb levels were somewhat different in arrested cells but not in serum-stimulated cells, so its expression patterns were not further evaluated in subsequent experiments. Importantly, lack of Myc in myc-null cells led to elevated tuberin levels. B, total levels of GhL, S6K, and rpS6 are induced by serum treatment of myc wild-type and null cells. Because the inducibility of S6K and rpS6 was unanticipated, we evaluated their levels at shorter time intervals after serum induction. Shown are protein levels at 1, 2, and 8 h after addition of serum for the indicated proteins using the indicated antibodies. C, genomic analysis of promoter regions of the mTOR pathway components for Myc binding sites. Reference cDNA sequences for human, rat, and mouse mTOR pathway gene products were identified using the NCBI sequence database. Genomic promoter sequences and transcription initiation sites were then identified as described in Materials and Methods (26) . Five thousand nucleotides of sequence upstream and downstream of their transcription initiation sites were evaluated for Myc target sites that were conserved between human, rat, and mouse sequences in aligned regions using rVISTA (27) . Nonconserved myc sites are designated as e boxes in the schematic diagram where the open rectangle identifies exon 1 of each of the candidate genes. Myc sites conserved in human, rat, and mouse promoters (top to bottom in each diagram) are identified as E boxes. The sequences of the conserved E boxes are provided in Supplementary Table S2 , together with their position in the rat promoter relative to the transcription start site. D, chromatin immunoprecipitation (ChIP) analysis shows binding of tamoxifen-induced c-myc to the TSC2, GhL, and rpS6 promoters in mycER cells. Chromatin immunoprecipitation analysis with primers specific for rat TSC2, GhL, rpS6, and eIF4E promoters and anti-c-Myc antibodies was done on extracts from myc À/À mycER cells induced to express c-myc after 3 h of treatment with 200 nmol/L tamoxifen. No Myc binding was detected in the absence of tamoxifen treatment (not shown). Primers for the rat 5S RNA promoter were used in parallel as an internal loading control for input DNA and the data were normalized to the 5S signals. The difference between tamoxifen induced and noninduced was significant by t test for TSC2 (P = 0.0043) and for rpS6 (P = 0.0005). The GhL differences were not significant. between myc wild-type and null cells was also reproduced throughout the earlier time points. Tuberin remained elevated in myc-null cells.
We then evaluated genomic sequences of the TOR pathway genes and found conserved canonical E box motifs in the IRS1, TSC1, TSC2, GhL, and rpS6 promoters ( Fig. 3C ; Supplementary  Table S2 ). Myc protein bound to the TSC2 and rpS6 E boxcontaining promoters in chromatin immunoprecipitation experiments after induction of an inducible mycER construct (Fig. 3D) . Although IRS1 and the TSC1 promoters contained myc sites, chromatin immunoprecipitation did not detect Myc at their promoters (not shown). Although the GhL promoter exhibited only weak and nonsignificant binding after mycER induction, Myc was readily detected at the GhL promoter in myc wild-type cells compared with the null cells (data not shown). Importantly, the S6K promoter neither contained myc sites nor bound Myc. Differential changes in IRS1 and S6K proteins were probably therefore an indirect consequence of the absence or presence of myc.
Because Drosophila and human Myc antagonized the effects of tuberin (18, 19) , and TSC2 was decreased in microarrays in Burkitt's lymphoma cells (20) , we focused on myc repression of TSC2 expression as the central contributor to the effects of myc on cell proliferation and transformation. We first used quantitative realtime PCR assays to assess mRNA levels of TSC2 mRNA in wild-type and myc-null cells in growth-arrested and growth-stimulated conditions (Fig. 4A) . The transferrin receptor (RTR), a known Myc-responsive gene, increased 6.3-fold between null and wild-type cells in arrested conditions. In contrast, the presence of myc decreased TSC2 mRNA 4.8-and 11-fold, comparing null to wildtype cells.
We further assessed TSC2 mRNA responses to changes in myc function using an inducible myc chimeric protein in myc À/À cells.
Myc-null cells expressing a mycER tmx chimeric protein (23) were induced for 3 h with 4-hydroxy-tamoxifen to activate myc function, and TSC2 mRNA levels were quantified by quantitative real-time PCR (Fig. 4B) . Induction of myc activity in these cells caused a 2-fold decrease of TSC2 message. By sharp contrast, induction of a similar chimeric construct containing a deleted myc box II (D106-143mycER tmx ) failed to repress transcription of the TSC2 gene (Fig. 4B ). An immunoblot for TSC2 confirmed the decrease of tuberin in the mycER tmx chimera compared with the D106-143mycER tmx (Fig. 4C ). Functional significance of myc repression of TSC2 evaluated with TSC2 siRNA and TSC2 antagonism of myc-mediated transformation. Our findings suggest that increased TSC2 protein expression may be a key cause for abnormal mTOR signaling in myc-null cells. To determine whether the known link between TSC2 and S6K regulation remains intact in myc À/À cells, we evaluated the effects of siRNA knockdown of TSC2 on myc À/À cells. Western blots showed successful TSC2 protein knockdowns in myc-null cells when they were transfected with TSC2 siRNAs but not with equivalent amounts of firefly luciferase siRNA (Fig. 5A ). This downregulation of TSC2 expression was paralleled by an increase in the amount of activated p70 S6K and phosphorylated rpS6 (Fig. 5A ). This result is not unexpected because TSC2 knockdown is well known to increase p70 S6K activity (29) but does serve to show that the TSC2-mTOR connection is intact in myc-null cells and responsive to TSC2 protein levels. We next sought to determine whether this functional linkage between myc and TSC2 might be relevant to the development of malignancy. HL60 leukemia cells overexpress c-myc, but their Myc levels can be reduced by PMA-induced differentiation leading to growth arrest (30) . Immunoblots of differentiating HL60 cells showed that TSC2 increases from essentially absent levels in undifferentiated HL60 cells to high levels in PMA-differentiated cells (Fig. 5B) . Quantitative real-time PCR revealed that steady-state Figure 4 . Myc directly represses TSC2 mRNA levels. A, steady-state levels of TSC2 mRNAs are increased in myc-null compared with wild-type cells. Cells were arrested by confluence followed by serum starvation for 48 h (A ) or stimulated to reenter the cell cycle with 10% FBS (S ). Treated cells were harvested for total RNA at 9 h. Total RNA (0.5 Ag) was subjected to reverse transcriptase reactions using oligo-dT primers, and the resulting cDNAs were analyzed by quantitative real-time PCR (qrt-PCR ) compared with standardized quantities of gene-specific PCR products generated with gene-specific primers. Equivalent amounts of cDNA from the same reverse transcription reactions were analyzed by quantitative PCR with standardized quantities of h-actin PCR product using primers specific for h-actin. The results are expressed as the absolute quantity of each mRNA species, normalized for their actin levels, which is then plotted along the y axis. The genotypes of the cells used are indicated as myc-null (À/À) or wild-type (+/+) along the x axis. The differences between wild-type and myc-null TSC2 levels were significant by t test in arrested (A ; P = 0.038) and stimulated (S; P = 0.050) cells. B and C, Myc down-regulates TSC2 gene expression in a myc box II-dependent manner. B, induction of c-myc down-regulates TSC2 mRNA in myc À/À cells expressing a mycER tmx construct but not in DMBII-mycER cells. Total RNA was harvested from noninduced cells (0 h) or cells induced to express c-mycER or mutant mycER after 3-h treatment with 200 nmol/L tamoxifen (3 h), reverse transcribed, and analyzed by quantitative real-time PCR as in A. The difference between uninduced and induced TSC2 levels were significant in the mycER tmx cells (P = 0.0004). C, induction of conditional myc reduces tuberin protein levels. Tuberin protein levels were monitored in the mycER constructs treated as in B , except that protein lysates were harvested and immunoblots for tuberin and actin were done.
TSC2 mRNA increased 850-fold in PMA-differentiated HL60 cells compared with untreated, undifferentiated cells (Fig. 5C ). The increased TSC2 is directly linked to the decrease in c-Myc because retroviral constructs expressing shRNAs for c-myc also induced tuberin in HL60 cells (Fig. 5D) .
Finally, we evaluated the potential contribution of TSC2 to single-step myc transformation of Rat1A cells (Fig. 6 ). Rat1A cells transfected with myc alone and combined myc/max showed marked myc-related decreases in TSC2 mRNA (Fig. 6A) . These decreases accompanied large increases in soft agar colony formation (Fig. 6B) . We then used retroviral transduction of myc, TSC2, and their combination to determine whether TSC2 loss contributes to myc transformation. Figure 6C shows expression of Myc and tuberin in transfectants. Replicate wells of each cell type were then evaluated by soft agar assays. Whereas neither cells expressing TSC2 alone nor those transfected with empty pBABE vector produced colonies, the ectopic expression of c-myc in Rat1A cells generated numerous large colonies. Many large Myc-induced colonies showed large coronas of cells around the central mass (Fig. 6D) . Coexpression of tuberin with Myc completely blocked the appearance of these larger, corona-bordered colonies (Fig. 6D) . In addition to these striking qualitative results, 64% fewer 0.25-to 0.375-mm colonies appeared in pBABE/TSC2-pBABE/Myc transfections than in pBABE/Myc-pBABE transfectants (Supplementary  Table S3 ).
Discussion
Loss of rate-limiting proliferation controls contributes to malignant transformation, and uncontrolled proliferation can only occur if a malignant cell can add cell mass at a sufficient rate (31) . Available evidence identifies translation initiation as the key ratelimiting component of translational control (3) , which is especially shown by malignant transformation of cells overexpressing several translation initiation factors (32, 33) . Increasing evidence that myc-driven oncogenesis is heavily dependent on its ability to drive cell growth processes (34) focused our attention on the effects of myc on translation initiation. Using genetic and polysomal profile analyses of cells lacking c-myc, we found that myc-null cells are sensitive to inhibition of translation initiation and exhibited a decreased capacity to initiate translation ( Figs. 1 and 2) . Whereas genetic evidence from other labs has shown that eIF4E can collaborate with c-myc in oncogenesis (14) , taken together, our studies support the idea that c-myc may be regulating some component of the translational control apparatus in normal cells. Our studies parallel similar reports of myc effects on rapamycin sensitivity. One report found that rapamycin inhibits ) cells were transiently transfected with 10 or 50 nmol/L siRNA for TSC2 (T ) or with firefly luciferase siRNA (L) as a negative control. Levels of tuberin, phosphorylated S6K (p-S6K) protein, and phosphorylated rpS6 (p-rpS6 ) were analyzed by immunoblotting 72 h after transfection in confluent transfected cells. B, steady-state TSC2 protein is up-regulated in HL60 cells induced to differentiate with TPA. HL60 cells were given fresh medium and treated with TPA (20 nmol/L) or left untreated. After 48 h, untreated suspension cells were harvested by centrifugation, whereas TPA-treated differentiated cells were scraped from the bottom of the flask. Whole-cell protein extracts were separated by PAGE and probed for TSC2 and h-actin. As expected, a Northern blot shows that the PMA-induced loss of myc mRNA was complete in the differentiated HL60 cells. C, steady-state TSC2 mRNA is increased in HL60 cells induced to differentiate with TPA. HL60 cells were treated and harvested as in B , except that total RNA was extracted, subjected to reverse transcription, and analyzed by quantitative real-time PCR with primers specific to TSC2. Results are normalized to h-actin. D, Myc-specific shRNAs induce tuberin in HL60 cells. HL60 cells were infected with retroviral constructs expressing shRNAs for c-myc [NM_002467.2-1828slcl (28), NM_002467.2-1657slcl (57), and NM_002467-pooled (Po) shRNAs] and a negative control scrambled construct (Sc ). Ten days after puromycin selection for the retroviral vectors was initiated immunoblots for tuberin, Myc and actin analyses were done using lysates from 3 Â 10 4 cells per lane.
cap-dependent translation of c-myc, and Akt levels determine whether this change renders cells rapamycin-sensitive (35) . Similarly, altered c-myc regulation correlated with rapamycin resistance in cells derived from childhood cancers (36) . Our polysomal profiles revealed a myc-specific translation defect that seemed to especially involve the 40S ribosomal subunit containing the rpS6 target of the mTOR pathway. Using a candidate protein approach, we investigated proteins in the mTOR signaling pathway to identify proteins whose the levels differed between myc-null and wild-type cells (Fig. 3) . We showed the potential for direct Myc transcriptional control of TSC2 by quantitative chromatin immunoprecipitation to evaluate Myc binding to their genomic promoters (Fig. 3) . We focused on Myc inhibition of TSC2 expression, showing the failure of a mutant c-myc lacking myc box II to repress transcription of the TSC2 gene ( Fig. 4B and C) . Because myc box II is critical for Myc-induced repression of Inr-dependent gene expression (37), we have identified TSC2 as an important new Myc-inhibited target.
Two of the protein expression differences we observed fit known feedback mechanisms in the TOR signaling pathway. Decreased IRS1 levels in myc wild-type cells fit with the known enhanced degradation of IRS1 that results from TOR pathway activation (38) . The finding that Akt phosphorylation is relatively increased in mycnull cells is consistent with reports indicating feedback inhibition to Akt from mTOR (39) . The changes in IRS1 and Akt are therefore likely to be consequences of lost feedback inhibition of TOR signaling in myc-null cells and are not likely to be a primary cause of their growth defect. In contrast, the TSC2-controlled step in the pathway is positioned to be a primary defective signaling component in myc-null cells, and our data show that it is a direct transcriptional target of c-myc (Figs. 3 and 4) . TSC2 inhibition of Rheb-mTOR complexes that phosphorylate and activate S6K (15) is increased in myc-null cells, as shown by the marked loss of S6K activity and rpS6 phosphorylation (Fig. 3) .
Several previous publications identified potential interactions between myc and the TSC genes, although they did not identify a direct regulatory interaction between the two genes. Antagonism between Myc and TSC2 was first shown for control of Drosophila eye size (18) and then confirmed for mammalian cell proliferation (19) . Given these previous studies, the central position of TSC2 in the TOR pathway, and our demonstration that myc represses TSC2, we evaluated the functional significance of the control of TSC2 by myc. Our data indicate that myc regulation of TSC2 is important during differentiation related to myc and in myc-driven transformation (Figs. 5 and 6 ). siRNA knockdown of TSC2 increased phosphorylated S6K and rpS6, as expected if the mTOR pathway is direct and intact in myc-null cells (Fig. 5A ). We found a marked increase of TSC2 protein and a major up-regulation of TSC2 mRNA during 12-O-tetradecanoylphorbol-13-acetate (TPA)-induced differentiation of HL60 cells (Fig. 5B and C) . shRNAs for c-Myc recapitulated that induction. Because Myc protein and myc/max complex formation are down-regulated during the differentiation of HL60 cells (30) , our data indicate that c-myc represses TSC2 in the undifferentiated state, and TSC2 is derepressed as myc levels drop in differentiating cells. Myc overexpression in HL60 leukemia cells may lead to reduced TSC2 levels and thereby contribute to the neoplastic process by inhibiting normal differentiation of these cells.
Strikingly, Rat1A cells transduced with TSC2 and c-myc together grew significantly fewer medium-sized colonies and completely failed to form the largest colonies with large coronas or halos on their periphery, when compared with those transfected with myc alone (Fig. 6D ). Hamartin and tuberin are known to suppress cell migration and metastasis, possibly through their regulation of the small GTPase Rho (40) . Conversely, overexpression of c-myc is able to confer a metastatic phenotype, and metastasis-associated protein 1 is an essential downstream effector of the c-Myc oncoprotein (41) . Intriguingly, the cells in the corona of the large myc-induced colonies extend out from, and are only loosely associated with, the central core of these large colonies. Thus, we suggest that inhibition of cell migration may underlie the ability of TSC2 to inhibit myc-induced large colony formation. One microarray screen for myc-regulated genes in Burkitt's lymphoma cells further supports our findings (20) . This screen identified TSC2 together with the p27 tumor suppressor in clusters of myc-down-regulated genes of which the expression was most changed in four leukemia-lymphoma cell lines expressing high myc levels.
Overall, the myc target genes we identify here add additional information about the global role of myc in cellular proliferation. C, retroviral-mediated expression of myc and/or TSC2 in Rat1A cells. Rat1A cells were sequentially infected in pairs with retroviral constructs containing empty pBABE vector and pBABE-myc, or pBABE and pBABE-TSC2, or pBABE-TSC2 and pBABE-myc, or two rounds of retrovirus containing pBABE vector alone, and then stably selected in puromycin (8 Ag/mL). Expression of c-myc and TSC2 proteins from cells in confluent cultures was assessed by immunoblotting. D, TSC2 blocks Myc-induced large colony formation of Rat1A cells grown in soft agar. Top, Rat1A cells transduced with pBABE-Myc were evaluated after growth in soft agar for 2 wk. Bottom, Rat1A cells transduced with pBABE-TSC2 in combination with pBABE-Myc were evaluated after growth in soft agar for 2 wk.
